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Table 1 Preparation of random functionalized polydiene rubber via coordination copolymerization.

Type Catalytic system Diene Comonomer Selectivity Content  References
Late transition I Bd N cis-1,4 >94% [10, 11]
metal catalytic FG

systems FG=Si(OR),, SR, NR,, SO,R,
P(O)(OR),, B(OR),, etc.
I Ip N\ / cis-1,4 65%—-70% [9]
I Bd N\ / cis-1,4 >95% [19]
1A% Bd 74 cis-1,4 85%-91% [20]
C)om
A% Ip N\@\ cis-1,4 60%—70% [21]
NG S o~
|/
Fe(acac)s/P/Al(‘Bu); Bd NS A 1,2- 72%—85% [12]
| P FG
FG=0R, NR,, etc.
Lanthanide VI Ip 74 cis-1,4 >95% [14]
catalytic system ;-@ OMe
VII Ip % cis-1,4 >97% [15,22]
%@ 0
\ /. Sy
Nd(vers);/Al(‘Bu)y/ Bd V% cis-1,4 88%-98% [24]
EASC /\/o’iFG
Nd(BI;;;;iHF)3/ Bd FG-NR,, SR. trans-1,4 >92% [25]
Nd(vers)y/Al(‘Bu),/ Ip /:L/ N\ / cis-1,4 >95% [8, 26, 27]
Al(Bu)Cl o ”,\L_€;¢<60H

Note: EASC (ethyl aluminum sesquichloride); FG = functional group; Bd = butadiene; Ip = isoprene.
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Scheme 1 Copolymerization of butadiene with polar diene derivatives catalyzed by cationic allyl Nickel complex.
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Scheme 2 Synthesis of hydroxyl-functionalized polybutadiene rubber.
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Scheme 3 Copolymerization of isoprene with hydroxy-modified myrcene derivatives catalyzed by pyridyl-oxazoline cobalt

complex.
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Scheme 4 Copolymerization of butadiene with My-OH catalyzed by cobalt complex (III).
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Scheme 5 Copolymerization of butadiene with 2-MOPB catalyzed by cobalt complex (IV).
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Scheme 7 Homopolymerization of 1-aryl-substituted butadiene derivatives and copolymerization with isoprene catalyzed by

catalyst (V).
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Scheme 8 Copolymerization of isoprene with functionalized diene derivatives.
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Scheme 9 Copolymerization of butadiene with functionalized diene derivatives (FG: functional group).
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Scheme 10 Chain-end structures and reaction mechanisms in the coordinative polymerization of conjugated dienes.

Table 2 Preparation of block copolymers of conjugated dienes and polar monomers via coordination copolymerization.

Catalytic system Diene Comonomer Structure Selectivity ~References
Nd(vers)s/ Bd e-Cl [0) cis-1,4 [34]
AIH(‘Bu),/ W%

EASC
vil Ip &-Cl (0] cis-1,4 [35]
Nd(OPr),/ Ip e-Cl WO% cis-1,4 [38-40]
Al(Bu),/
Me,SiCl,
Ln(P,gs)s/ Ip MMA cis-1,4 [42]
Halide 07 >o”
I ECH O cis-1,4 44
p W \)y\ [44]
Cl
Ip AN W cis-1,4 [43]
N7
NdCl;-3TEP/ My e-Cl cis-1,4 [45]
Al(‘Bu), —
_ /07 >07
Nd(0-2,6-Bu-4-  Bd GMA trans-1,4 [47]
Me-Ph)y(THF)/ T
(0]
Mng 0

<
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Table 2 Continued.
Catalytic system Diene Comonomer Structure Selectivity References
Ip e-Cl [0) trans-1,4 [49]
\
_ (@)
%Sm > Wx/(’k/\/\/ ‘)}
Nd(OPr),/ Bd &-Cl, [0) trans-1,4 [48]
Mg(nBu LA (O)
g(nBu), WM ~)y\
(6]
O.
M YLO*J
(¢}
VIII Ip e-Cl 0] 3.4- [36]
(0)
W ﬂy\
IX Ip e-Cl 0 trans-1,4 [50]

Nd(vers)y/ Ip AN cis-1,4 [55]
Al(Bu),H/ ;\(\*OH =" =" ="
Me,SiCl, 3 ] 3
HO HO
Nd(vers),/ Ip, N Y \er _ R AR cis-1,4 [54]
Al(Bu)y/ My ;\M/@H W &
Al(Bu),Cl 3 OH ) OH
Fe(acac),/IITP/ Ip cis-1,4 [57]

Al(Bu),

Note: EASC (ethyl aluminum sesquichloride); TEP (triethyl phosphate), ¢-Cl (e-caprolactone); LA (lactide); AN (acrylonitrile);

GMA (glycidyl methacrylate), ECH (epichlorohydrin).
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Scheme 11 Mechanistic scheme of the block copolymerization of isoprene and e-caprolactone.
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Scheme 12 Copolymerization of butadiene with amino-/phosphine-substituted styrene derivatives catalyzed by

monocyclopentadienyl Scandium complex.
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Fig. 1 Characterization of the strain-induced crystallization behavior of functionalized polymers B-4A-PIP,B-OH-PIP,R-4A-PIP
and R-OH-PIP by wide-angle X-ray diffraction (WAXD). (a) Relationship between crystallinity index and strain; (b) WAXD
diffraction patterns of functionalized polymers with different structures (a: strain) (Reprinted with permission from Ref. [8];

Copyright (2018) Wiley-VCH).
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Scheme 14 Functionalized polyisoprene with macroblock end-terminated containing phosphate groups.
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Scheme 15 Copolymerization of isoprene with functionalized butadiene derivatives catalyzed by the Fe(acac);/IITP/Al(‘Bu)s.
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Table 3 Reactive reagent functionalization of polydiene rubbers (predominant rare-earth catalysts).

Functionalization mechanism Functionalization reagent Functionality position References
Nucleophilic substitution Chlorosilicon, chlorotin, w-End/Coupling [58-64]
functionalization Epoxy, lactone, w-End [60, 62, 65-69]
Siloxanes, w-End [70]
Amides, w-End [71]
Acyl Chlorides. w-End [60, 72]
Nucleophilic addition Heterocumelene, w-End [60, 62, 66, 68, 73]
functionalization Carbonyl compounds, w-End [62, 66, 73,74]
Carbon dioxide, w-End [37,75,76]
Imines and oximes, w-End [66, 73, 77,78]
Polar olefin and diene derivatives. o-End /w-End [8, 26, 53], [79,80]
Metal metathesis Alkyl aluminium, w-End [41]
Alkyl magnesium, w-End /Block [48]
Alkyl lithium. w-End [74]
Functionalized co-catalyst activation ~ Functionalized alkyl magnesium, a-End [25]
Functionalized alkyl aluminium. o-End [81]
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Fig. 2 Synthesis of amide end-functionalized polybutadiene rubber.
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Scheme 16 Synthetic route for tetrapeptide end-functionalized polyisoprene rubber.
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Fig. 3 Self-assembly process of linear silanol-functionalized polybutadiene (cis-PB-Si(OH);) (Reprinted with permission from

Ref.[80]; Copyright (2021) American Chemical Society).
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Scheme 17 Structure of the active chain end in neodymium-catalyzed coordinative chain transfer polymerization of isoprene.
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Fig. 4 Synthesis of a,w-heterofunctionalized polyisoprene.
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Scheme 18 Metal metathesis in isoprene polymerization catalyzed by the Nd(BH,);(THF);/BuEtMg system.
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Scheme 19 Butadiene polymerization catalyzed by the Nd(vers);/functionalized Alkylaluminium system.
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Scheme 20 Preparation of telechelic trans-1,4-polyisoprene using the Nd(BH,);(THF)/Mg(R-FG), catalytic system.
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Scheme 21 Synthesis of a,w-difunctional rare-earth polydiene elastomers.
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Review

Functionalization of Polydienes by Coordination Polymerization

Jin-liang Liu, Feng Wang”, Heng Liu, Xue-quan Zhang"
(Key Laboratory of Rubber-Plastics, Ministry of Education, School of Polymer Science and Engineering,
Qingdao University of Science & Technology, Qingdao 266000)

Abstract Polydiene rubbers are widely used in complex multicomponent systems. The backbone of polydienes is
mainly composed of carbon and hydrogen atoms, resulting in their inherently low polarity, leading to their poor
compatibility with various polar fillers, additives, and other components, which consequently limits their overall
performance and broader applications. Introducing heteroatom-containing functional groups into the polymer
chains can significantly enhance the interfacial interactions and compatibility with polar components, while
preserving their excellent elasticity. Therefore, functionalization has recently emerged as an important strategy for
improving the comprehensive performance of polydiene rubbers and expanding their potential applications.
Coordination polymerization enables precise control over the chain microstructure and stereoregularity of
polydiene rubbers and has become a key strategy for preparing highly regular rubber materials. This method has
also been widely applied in the industrial production of synthetic rubbers. However, the preparation of
functionalized polydiene rubbers via coordination polymerization remains highly challenging because the
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heteroatoms in polar functional groups often poison the catalytically active centers. To address these challenges,
this review systematically summarizes recent advances in the synthesis of functionalized polydiene rubbers via
coordination-polymerization strategies. Two main approaches are highlighted: (1) direct copolymerization of
conjugated dienes with polar functional comonomers to achieve in-chain functionalization during polymerization,
and (2) chain-end functionalization, in which the active chain ends generated during polymerization react with
specific small-molecule reagents to introduce functional groups at the chain termini. For the latter, four different
methods, including nucleophilic addition, nucleophilic substitution, metal methathesis, and functionalized
co-catalyst activation, were employed to incorporate functional groups into the a-end, w-end, and both a- and
w-ends. In addition, the characteristics of different catalytic systems in regulating polymerization behavior and
facilitating functional group incorporation are discussed, with the aim of providing useful insights and theoretical
guidance for future developments in this field.
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